Ingram DG, Newcomer SC, Price EM, Eklund KE, McAllister RM, Laughlin MH. Chronic nitric oxide synthase inhibition blunts endothelium-dependent function of conduit coronary arteries, not arterioles. Am J Physiol Heart Circ Physiol 292: H2798 -H2808, 2007. First published January 26, 2007; doi:10.1152/ajpheart.00899.2006.-Current literature suggests that chronic nitric oxide synthase (NOS) inhibition has differential effects on endothelium-dependent dilation (EDD) of conduit arteries vs. arterioles. Therefore, we hypothesized that chronic inhibition of NOS would impair EDD of porcine left anterior descending (LAD) coronary arteries but not coronary arterioles. Thirty-nine female Yucatan miniature swine were included in the study. Animals drank either tap water or water with N G -nitro-L-arginine methyl ester (L-NAME; 100 mg/l), resulting in control and chronic NOS inhibition (CNI) groups, respectively. Treatment was continued for 1-3 mo (8.3 Ϯ 0.6 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ). In vitro EDD of coronary LADs and arterioles was assessed via responses to ADP (LADs only) and bradykinin (BK), and endothelium-independent function was assessed via responses to sodium nitroprusside (SNP). Chronic NOS inhibition diminished coronary artery EDD to ADP and BK. Incubating LAD rings with L-NAME decreased relaxation responses of LADs from control pigs but not from CNI pigs such that between-group differences were abolished. Neither indomethacin (Indo) nor sulfaphenazole incubation significantly affected relaxation responses of LAD rings to ADP or BK. Coronary arteries from CNI pigs showed enhanced relaxation responses to SNP. In contrast to coronary arteries, coronary arterioles from CNI pigs demonstrated preserved EDD to BK and no increase in dilation responses to SNP. L-NAME, Indo, and L-NAME ϩ Indo incubation did not result in significant betweengroup differences in arteriole dilation responses to BK. These results suggest that although chronic NOS inhibition diminishes EDD of LAD rings, most likely via a NOS-dependent mechanism, it does not affect EDD of coronary arterioles.
The fact that chronic NOS inhibition causes increased mean arterial pressure in vivo could be evidence that chronic NOS inhibition has relatively greater effects on arterioles/resistance arteries. That is, if chronic NOS inhibition causes increased blood pressure because of a greater effect of this treatment on arterioles, one might expect that chronic NOS inhibition would have greater effects on intrinsic endothelium-dependent dilation of arterioles than of conduit arteries.
In contrast to this line of reasoning that suggests chronic NOS inhibition has greater effects on endothelial function of arterioles than of conduit arteries, current literature indicates that chronic NOS inhibition has greater effects on the endothelium of conduit arteries than arterioles. For example, chronic administration of NOS inhibitors has been shown to decrease endothelium-dependent dilation of the coronary (24) , femoral (24) , aorta (18) , mesenteric (11) , and basilar (21) arteries. Likewise, blunted endothelial function has been demonstrated in the carotid artery (6) and aorta (2, 16, 17) of endothelial NOS (eNOS) gene-disrupted mice. In contrast, gracilis (25) , coronary (9) , and pial arterioles (20) demonstrated preserved endothelial function in eNOS knockouts, and chronic NOS inhibition had no effect on gracilis arterioles (29) . Indeed, upregulation of alternative pathways within the endothelium have been shown to compensate for a lack of NO in arterioles (9, 25, 29) . Although the literature summarized suggests greater effects of chronic NOS inhibition on endothelium-dependent dilation of conduit arteries than arterioles, this hypothesis has not been previously tested. Therefore, the purpose of this study was to test the hypothesis that chronic L-NAME treatment would impair endothelium-dependent function of conduit arteries more than arterioles in the coronary arterial tree. We tested this hypothesis by chronically treating pigs with L-NAME and then comparing endothelium-dependent dilation of porcine left anterior descending (LAD) coronary arteries and left ventricular (LV) coronary arterioles in normal and treated pigs.
METHODS

Experimental Design
Thirty-nine female Yucatan miniature swine were included in the study. Animals drank either tap water or water with L-NAME (100 mg/l), resulting in control (n ϭ 21) and chronic NOS inhibition (CNI; n ϭ 18) groups, respectively. Treatment was continued for 1-3 mo (8.3 Ϯ 0.6 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ) and was efficacious, as indicated by significantly different mean arterial blood pressures between control (84 Ϯ 4 mmHg, n ϭ 8) and CNI (118 Ϯ 7 mmHg, n ϭ 8) groups. In addition, plasma NO metabolite levels were significantly reduced in the CNI group (12.2 Ϯ 1.9 M, n ϭ 19 vs. 6.8 Ϯ 0.7 M, n ϭ 14).
In Vitro Assessment of Coronary Vasomotor Function
Isolation of coronary arteries and arterioles. Under anesthesia, hearts were removed and placed in cold Krebs-bicarbonate buffer (4°C). The LAD was dissected from the same location in all pigs and subsequently trimmed of connective tissue and fat. The LAD was segmented into rings, and their outer diameter, inner diameter, and axial length were measured with an Olympus microscope and NIH ImageJ software. As previously described (26) , rings were mounted on myographs and diameter was adjusted to elicit a maximal response to KCl (L max). In addition, myocardial arterioles (75-150 m in diameter) were isolated from the LAD field within the LV apex. As previously described (10) , arterioles were cannulated with micropipettes and pressurized to 60 cmH 2O. With an inverted microscope, arterioles were visualized on a monitor; video micrometers were utilized to measure diameter.
Coronary artery protocol. Mounted rings were preconstricted with prostaglandin F 2␣ (PGF2␣; 30 M), and in vitro endothelial function was assessed via isometric relaxation responses to ADP (10 Ϫ9 to 10 Ϫ4 M) and bradykinin (BK; 10 Ϫ11 to 10 Ϫ6 M). Endothelium-independent function was then assessed via relaxation responses to sodium nitroprusside (SNP; 10 Ϫ10 to 10 Ϫ4 M). For each pig, eight LAD rings were studied: ring 1 was left untreated, ring 2 was incubated with L-NAME (300 M), ring 3 was incubated with indomethacin (Indo; 5 M), ring 4 was incubated with sulfaphenazole (Sulf; 10 M), ring 5 was incubated with L-NAME ϩ Indo, ring 6 was incubated with L-NAME ϩ Sulf, ring 7 was incubated with L-NAME ϩ Indo ϩ Sulf, and ring 8 was incubated with L-NAME ϩ Indo ϩ Sulf ϩ KCl (20 M). L-NAME incubation inhibited NOS, Indo inhibited cyclooxygenase (COX), Sulf inhibited cytochrome P-450 epoxygenase (8) , and KCl inhibited the action(s) of endothelium-derived hyperpolarizing factor (EDHF); hence, the roles of NO, prostacyclin (PGI2), and EDHF in vasorelaxation could be elucidated. In addition, a subset of rings from control pigs had their endothelium denuded. Following generation of each dose-response curve, Krebs-bicarbonate buffer solution was replaced and rings were allowed to stabilize at resting tension.
Coronary arteriole protocol. In vitro endothelial function of coronary arterioles was assessed via dilatory responses to BK (3 ϫ 10 Ϫ15 to 10 Ϫ8 M), and endothelium-independent function was assessed via dilation responses to SNP (10 Ϫ9 to 10 Ϫ4 M). In addition, the contributions of NO, PGI2, and NO ϩ PGI2 to endothelium-dependent dilation were evaluated by incubating arterioles with L-NAME (300 M), Indo (5 M), or L-NAME ϩ Indo before generating doseresponse curves, respectively. Repeatability of BK dose-response curves (i.e., time control) was verified in a subset of untreated arterioles.
Analysis of eNOS Gene Expression
Isolation of coronary arteries. Expression of eNOS (protein content in LAD and arterioles, eNOS mRNA in arterioles) was examined in arteries isolated from five control and 4 CNI pigs. Pigs were anesthetized, and hearts were removed and maintained at 0 -4°C in Krebs solution during vessel isolation as described above. Segments of LAD and LV arterioles were carefully dissected from LV myocardium, fat, and connective tissue. Arterioles were isolated from myocardium (LV free wall) by dissecting along the length of small arteries to the smallest branches. Single arterioles 1-2 mm in length and similar in diameter were isolated, and five arterioles were pooled into one sample to provide sufficient total protein in each sample. All samples were placed in microcentrifuge tubes, immediately frozen, and stored at Ϫ70°C.
Immunoblot procedures. All samples of arteries and arterioles were solubilized in Laemmli buffer (62.5 mM Tris, pH 6.8, 6 M urea, 160 mM 1,4-dithiothreitol, 2% SDS, and 0.0001% bromphenol blue), boiled, vortexed, and sonicated. Cell lysates were analyzed for total protein content using Nano-Orange protein assay (Invitrogen, Molecular Probes). Each well of the gel was loaded with 10 g of total protein and subjected to SDS-PAGE under reducing conditions. Proteins were transferred to polyvinylidene difluoride membrane (Hybond-ECL; Amersham) and blocked (1 h at 25°C) with 5% nonfat milk in TBST (20 mM Tris ⅐ HCl, 137 mM NaCl, and 0.1% Tween 20) . Blots were incubated overnight (25°C) with primary antibody against eNOS (1:1,000; Transduction Laboratories), followed by incubation for 1 h with secondary antibody (1:2,500 horseradish peroxidase-conjugated anti-mouse). For comparisons between control and CNI samples, equal numbers of samples from both groups were loaded in the same gel. Blots were subsequently reprobed overnight for superoxide dismutase (SOD)-1 (1:5,000; Stressgen) and SOD-3 (1:1,000; Stressgen), both with 1:2,500 anti-rabbit secondary antibody. Specific protein bands were detected with chemiluminescence (Pierce SuperSignal West) and quantified with a Kodak 4000R Imager and Molecular Imaging software.
Measurement of eNOS mRNA in coronary arterioles. eNOS mRNA measurement was performed as described previously (19) . Briefly, isolated arterioles were lysed with 100 mM Tris ⅐ HCl, 500 mM LiCl, 10 mM EDTA, 1.0 ml/100 ml lithium disulfide, and 5 mM dithiothreitol, pH 7.5. Using magnetic beads with oligo(dT) and reverse transcriptase (200 U/l), mRNA was isolated and first-strand synthesis was performed. Polymerase chain reaction (PCR) was used to amplify the eNOS cDNA with the primers 5Ј-AGG CAT CAC CAG GAA GAA GA-3Ј (forward) and 5Ј-GGC CAG TCT CAG AGC CAT AC-3Ј (reverse) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA with primers 5Ј-ACT CTA CCC ACG GCA AGT TC-3Ј (forward) and 5Ј-TAC TCA GCA CCA GCA TCA CC-3Ј (reverse). The (40ϫ) PCR cycles were 30 s at 95°C, 60 s at 60°C, and 60 s at 75°C. The reaction mixture consisted of a master mixture (dNTPs, DNA polymerase, SYBR green), MgCl 2 (2.5 mM), primers (100 nM), and either 5.0 l of eNOS cDNA or 2.0 l of GAPDH cDNA. eNOS expression was normalized to GAPDH expression.
Solutions and Drugs
Krebs-bicarbonate buffer solution contained (in mM) 131.5 NaCl, 5.0 KCl, 1.2 NaH 2PO4, 1.2 MgCl2, 2.5 CaCl2, 11.2 glucose, 20.8 NaHCO3, 0.003 propranolol, and 0.025 EDTA. Solutions were aerated with 95% O2-5% CO2 (pH 7.4) and maintained at 37°C. All drugs and chemicals were purchased from Sigma Chemical.
Statistical Analysis
Values are expressed as means (SD) or Ϯ SE. Percent relaxation of conduits was calculated as 100 ϫ (PGF2␣-induced tension Ϫ dose (9) 166 (9) Values are means (SD); n, no. of pigs. CNI, chronic nitric oxide synthase inhibition. Independent t-tests revealed no significant differences between groups. tension)/(PGF2␣-induced tension Ϫ resting tension). Percent possible dilation of arterioles was calculated as 100 ϫ (response diameter Ϫ tone diameter)/(maximum diameter Ϫ tone diameter), where response diameter is the diameter after drug administration, tone diameter is the diameter at baseline with spontaneous tone, and maximum diameter is the Ca 2ϩ -free diameter (determined at the end of the experiment). Contributions of NO and prostaglandins in both artery and arteriole dilation were calculated by subtracting the dose-response in the presence of inhibitor (L-NAME or Indo) from that in the absence of the inhibitor. Half-maximal effective dose (ID 50) values were calculated using GraphPad Prism. Differences between groups with respect to ring characteristics, maximal responses, and ID50 (expressed as negative log of molar concentration) were determined via unpaired t-test. Dose-response curves of both conduits and arterioles were analyzed via a general linear model with (dose) repeated measures, and individual curves were compared with Fisher's protected least significant difference post hoc analysis.
Significance was set at P Ͻ 0.05. All data were analyzed in SuperANOVA.
RESULTS
Coronary Artery Characteristics
There were no significant differences between control and CNI LAD length, outer diameter, inner diameter, or wall thickness (Table 1) . Likewise, there were no significant differences in resting tension or percent stretch to L max . We also examined tensions of LAD rings following incubation with L-NAME before dose-response curves, and we found that L-NAME incubation significantly increased resting tension within the control (change ϭ 1.51 Ϯ 0.48 g, P ϭ 0.002) but not the CNI group (change ϭ 0.31 Ϯ 0.45 g, P ϭ 0.487). 
B: N
G -nitro-L-arginine methyl ester (L-NAME) incubation decreased control but not CNI responses such that between-group differences were abolished. C: indomethacin (Indo) incubation did not affect relaxation responses. D: L-NAME ϩ Indo incubation had the same effects as L-NAME incubation. [1] Significantly different from control. [2] Significantly different from control ϩ inhibitor. 
Coronary Artery In Vitro Function
LAD ADP responses. Increasing concentrations of ADP elicited increasing relaxation responses in LADs of both control and CNI groups ( Fig. 1 and Table 2 ). LADs from CNI pigs showed significantly diminished responses to ADP compared with control rings, as well as lower ID 50 values, but not lower maximal responses (P ϭ 0.116). Incubating rings with L-NAME alone significantly decreased relaxation responses of LADs from control pigs but not from CNI pigs (Fig. 1B) , and between-group differences were abolished with respect to dose-response curves and ID 50 values. Indo incubation did not affect dose-response curves of either group (Fig. 1C) . L-NAME ϩ Indo incubation had the same effect as L-NAME incubation, abolishing between-group differences (Fig. 1D) . Sulf treatment alone tended to shift the dose-response curves for ADP-induced relaxation in both groups to the left (P ϭ 0.065 in control, P ϭ 0.051 in CNI). Although Sulf incubation did not affect between-group differences, L-NAME ϩ Sulf, L-NAME ϩ Indo ϩ Sulf, and L-NAME ϩ Indo ϩ Sulf ϩ KCl incubation abolished between-group differences (data not shown). The contribution of NO produced by NOS to ADP-induced relaxation (reflected in the amount of relaxation inhibited by L-NAME) was greater in control than in CNI LADs ( Fig. 2A) .
LAD BK responses. Increasing concentrations of BK elicited increasing relaxation responses in LADs of both control and CNI groups ( Fig. 3 and Table 2 ). LADs from CNI pigs showed significantly diminished responses to BK compared with control rings, as well as lower ID 50 values, but not maximal responses (P ϭ 0.115). Incubating rings with L-NAME alone significantly decreased relaxation responses of LADs from control pigs but not from CNI pigs such that between-group differences were abolished ( Fig. 3B ) with respect to doseresponse curves and ID 50 values. Indo incubation did not affect dose-response curves of either group (Fig. 3C ). L-NAME ϩ Indo incubation had the same effect as L-NAME incubation in that it abolished between-group differences (Fig. 3D) . As was true for ADP-induced relaxation, the contribution of NO, produced by NOS, to BK-induced relaxation was greater (in the 10 Ϫ10 to 10 Ϫ9 M range) in control than in CNI LADs (Fig. 2B) .
Sulf treatment alone tended to shift the dose-response curves for BK-induced relaxation in LADs to the left in both groups, but this effect was not significant in either control (P ϭ 0.450) or CNI pigs (P ϭ 0.389, Figs. 4A and 5A ). However, in the presence of L-NAME, Sulf treatment decreased BK-induced relaxation of control LADs from 80% ( Fig. 3B ) with L-NAME alone to 60% with L-NAME ϩ Sulf (Fig. 4B) . In contrast, Sulf tended to increase BK-induced relaxation of CNI LADs in the presence of L-NAME treatment so that BK-induced relaxation was no longer different from untreated CNI (P ϭ 0.290, Fig.  5B ). Sulf treatment in the presence of L-NAME ϩ Indo did not have an effect on BK-induced relaxation, since L-NAME ϩ Indo treatment resulted in 60% relaxation in both groups (Fig.  3D ) and L-NAME ϩ Indo ϩ Sulf treatment also resulted in 60% relaxation in both groups (Figs. 4C and 5C ). Finally, denuding the endothelium resulted in complete abolishment of BK responses (data not shown).
LAD SNP responses. Increasing concentrations of SNP elicited increasing relaxation responses in LADs of both control and CNI groups (Fig. 6 and Table 2 ). LADs from CNI pigs showed significantly enhanced responses to SNP compared with control rings, as well as higher maximal responses and ID 50 values. Incubating rings with L-NAME alone potentiated SNP-induced relaxation of LADs from CNI pigs and tended to do the same in control pigs (Fig. 6B) . Hence, control ϩ L-NAME was significantly lower compared with CNI ϩ L-NAME with respect to dose-response curves. Indo incubation did not affect LAD relaxation responses in either control or CNI groups (Fig. 6C) , but Indo incubation did abolish between-group differences with respect to dose-response curves and maximal relaxation but not ID 50 values. Curiously, L-NAME ϩ Indo incubation abolished between-group differences with respect to dose-response curves, maximal relaxation, and ID 50 values (Fig. 6D) . In addition, although Sulf incubation did not affect between-group differences (except maximal relaxation, P ϭ 0.072), L-NAME ϩ Sulf, L-NAME ϩ Indo ϩ Sulf, and Ϫ10 to 10 Ϫ9 range) more NO-mediated relaxation to BK compared with CNI rings. C: groups did not differ in the amount of NO-mediated relaxation to SNP. [1] Significantly different from control.
L-NAME ϩ Indo ϩ Sulf ϩ KCl incubation, as well as denuding the endothelium, abolished between-group differences (data not shown). Neither inhibition of NOS nor COX activity resulted in significantly different SNP dose-response relaxation in control rings compared with CNI rings (Fig. 2C) .
Coronary Arteriole Characteristics
There were no significant differences between control and CNI arteriole maximal diameters (111 Ϯ 3 m, n ϭ 14 vs. 110 Ϯ 4 m, n ϭ 13, P ϭ 0.887), amount of spontaneous tone B: L-NAME incubation decreased control but not CNI responses such that between-group differences were abolished. C: Indo incubation did not affect relaxation responses. D: L-NAME ϩ Indo incubation had the same effects as L-NAME incubation, except that CNI ϩ L-NAME ϩ Indo (CNI ϩ Both) was significantly decreased compared with untreated CNI. [1] Significantly different from control. [2] Significantly different from control ϩ inhibitor. [3] Significantly different from CNI. Fig. 4 . BK-induced vasorelaxation responses of preconstricted control coronary artery rings. Values are means Ϯ SE. A: sulfaphenazole (Sulf) treatment alone tended to shift the dose-response curves to the left, but this effect was not significant (P ϭ 0.450). B: however, in the presence of L-NAME, Sulf treatment decreased BK-induced relaxation of control LADs to 60%. C: Sulf treatment in the presence of L-NAME ϩ Indo did not have an effect on BK-induced relaxation, since L-NAME ϩ Indo ϩ Sulf treatment resulted in 60% relaxation in both groups. D: relaxation in the presence of L-NAME ϩ Indo ϩ Sulf ϩ KCl. *Significantly different from control.
before BK curves (38 Ϯ 4 m, n ϭ 15 vs. 46 Ϯ 4 m, n ϭ 13, P ϭ 0.427), or amount of spontaneous tone before SNP curves (46 Ϯ 5 m, n ϭ 15 vs. 52 Ϯ 6 m, n ϭ 11, P ϭ 0.603). Incubation with L-NAME, Indo, or both did not significantly affect arteriole tone (P ϭ 0.394).
Coronary Arteriole In Vitro Function
Arteriole BK responses. Increasing concentrations of BK elicited increasing dilatory responses in arterioles of both control and CNI groups (Fig. 7 ). There were no significant Values are means Ϯ SE. A: Sulf treatment alone tended to shift the dose-response curves to the left, but this effect was not significant (P ϭ 0.389). B: Sulf tended to increase BKinduced relaxation in the presence of L-NAME treatment so that BK-induced relaxation was no longer different from untreated CNI (P ϭ 0.290). C: Sulf treatment in the presence of L-NAME ϩ Indo did not have an effect on BK-induced relaxation, since L-NAME ϩ Indo ϩ Sulf treatment resulted in 60% relaxation in both groups. D: relaxation in the presence of L-NAME ϩ Indo ϩ Sulf ϩ KCl. *Significantly different from CNI. B: L-NAME incubation increased CNI but not control responses such that between-group differences remained. C: Indo incubation did not affect relaxation responses, although between-group differences were no longer significant. D: L-NAME ϩ Indo incubation had the same effects as Indo incubation. [1] Significantly different from control. [2] Significantly different from control ϩ inhibitor. [3] Significantly different from CNI. [4] Significantly different from CNI ϩ inhibitor.
between-group differences in percent possible dilation responses to BK, regardless of whether arterioles were left untreated or incubated with L-NAME, Indo, or L-NAME ϩ Indo (Fig. 7) . In addition, although L-NAME incubation decreased dilatory responses in arterioles from control pigs, differences were only significant at a P value of 0.078 (Fig.  7B) . Indo incubation did not affect responses of either group (Fig. 7C) . Furthermore, the effect of L-NAME ϩ Indo incubation on dilatory responses did not reach significance in either group (control, P ϭ 0.063; CNI, P ϭ 0.085). Calculated NO contribution to percent relaxation tended to be greater in control compared with CNI arterioles (Fig. 8A , P ϭ 0.075), but calculated PGI 2 and combined NO ϩ PGI 2 contributions did not differ between groups (Fig. 8, B  and C) .
Arteriole SNP responses. Increasing concentrations of SNP elicited increasing dilatory responses in arterioles of both control and CNI groups (Fig. 9 ). There were no significant differences in dilator responses to SNP of arterioles from control and CNI groups (Fig. 9A) . Likewise, incubation with L-NAME or L-NAME ϩ Indo did not significantly affect SNP-induced dilation in either group (Fig. 9, B and C) .
eNOS and SOD expression in LADs and arterioles from L-NAME-treated pigs
As shown in Fig. 10 , L-NAME treatment tended to increase eNOS protein content of whole LAD and of LAD endothelial cells scraped from the LADs. However, there were no significant differences in eNOS protein content between groups. In addition, there was no significant difference in eNOS protein content of coronary arterioles isolated from control and CNI pigs. Finally, RT-PCR results from coronary arterioles also indicated no difference in eNOS mRNA of arterioles from control (25.44 Ϯ 0.26 cycles, 1.05 Ϯ 0.02 normalized, n ϭ 4) and CNI pigs (26.06 Ϯ 1.40 cycles, 1.06 Ϯ 0.05 normalized, n ϭ 3).
SOD protein content was measured in arterial samples from control and CNI pigs. Protein content is expressed relative to the amount of protein in control samples on each blot as described in METHODS. Extracellular SOD did not differ between groups in whole vessel conduits (1.00 Ϯ 0.22, n ϭ 5 vs. 0.90 Ϯ 0.15, n ϭ 4; P ϭ 0.718), conduit endothelial cell scrapes (1.00 Ϯ 0.48, n ϭ 5 vs. 1.13 Ϯ 0.70, n ϭ 4; P ϭ 0.883), or arterioles (1.00 Ϯ 0.24, n ϭ 5 vs. 1.32 Ϯ 0.31, n ϭ 4; P ϭ 0.447). Cytoplasmic SOD (SOD-1) did not differ between groups in whole vessel conduits (1.00 Ϯ 0.17, n ϭ 5 vs. 1.01 Ϯ 0.24, n ϭ 4; P ϭ 0.971), conduit endothelial cell scrapes (1.00 Ϯ 0.08, n ϭ 5 vs. 1.10 Ϯ 0.09, n ϭ 4; P ϭ 0.449), or arterioles (1.00 Ϯ 0.15, n ϭ 5 vs. 1.06 Ϯ 0.07, n ϭ 4; P ϭ 0.695). Finally, although mitochondrial SOD (SOD-2) did not differ between groups in conduit endothelial cell scrapes (1.00 Ϯ 0.08, n ϭ 5 vs. 1.23 Ϯ 0.29, n ϭ 4; P ϭ 0.503), it was significantly lower in arterioles from CNI pigs compared with control pigs (1.00 Ϯ 0.13, n ϭ 5 vs. 0.56 Ϯ 0.06, n ϭ 4; P ϭ 0.024).
DISCUSSION
A strength of this study is that we examined the effects of chronic NOS inhibition in conduit arteries and arterioles of the coronary arterial tree of the same animals. Our main findings are that chronic NOS inhibition 1) diminished conduit artery (LAD) endothelium-dependent function via an eNOS mechanism and that it 2) enhanced endotheliumindependent function in the LAD; in contrast, 3) endotheli- A: untreated control arterioles did not differ in dilatory responses from untreated CNI arterioles. B: L-NAME incubation significantly decreased dilation of control but not CNI arterioles, and control ϩ L-NAME did not significantly differ from CNI ϩ L-NAME. C: Indo incubation did not affect dilatory responses of either group. D: L-NAME ϩ Indo incubation did not significantly alter dilatory responses of either group, although CNI ϩ Both was significantly decreased compared with untreated control. [1] Significantly different from control. [2] Significantly different from CNI.
um-dependent function of coronary arterioles was preserved, and 4) endothelium-independent function of arterioles was unaffected. Although previous studies have reported that chronic NOS inhibition diminishes conduit artery endothelial function (11, 18, 21, 24) , and separate studies have demonstrated preserved endothelial function of arterioles (29) , this is the first study that directly tested the hypothesis that chronic L-NAME treatment would decrease endothelium-dependent function of the conduit LAD coronary artery but not decrease endothelium-dependent function of resistance coronary arterioles. Demonstration of this pattern in the coronary vasculature is of particular importance because of the clinical significance of the coronary arterial tree and the fact that previous studies have suggested divergent results in this vascular bed (24) .
Acute Effects of NOS Inhibition Do Not Predict Effects of Chronic NOS Inhibition
Acute inhibition of NOS in vivo has been reported to produce greater constriction of large-bore resistance vessels (Ͼ25 m in diameter) than in small arterioles (Ͻ25 m in diameter) in feline skeletal muscle (5). Ekelund and Mellander (5) noted that the constriction produced by NOS inhibition may have produced "secondary metabolic/myogenic inhibition of tone opposing the response to NOS inhibition" in the small arterioles, masking the true effect of treatment. The secondary metabolic dilation would result from decreased tissue blood flow caused by constriction of the arteries, whereas secondary myogenic dilation would result from the decreased microvascular pressures caused by the NOS inhibition-induced constric- Fig. 9 . SNP-induced vasodilation responses of coronary arterioles. Values are means Ϯ SE. A: untreated control arterioles did not differ in dilatory responses from untreated CNI arterioles. B: L-NAME incubation did not affect relaxation responses between groups. C: L-NAME ϩ Indo did not affect relaxation responses. No significant differences were detected between groups or incubations. tion. To avoid these secondary contributions, we determined effects of acute NOS inhibition on intrinsic endotheliumdependent dilator responses in isolated arteries and arterioles from control pigs. It is important when interpreting our results to keep in mind that the methods we used in these experiments measure responses of conduit arteries as changes in force developed, whereas responses of arterioles were measured as changes in diameter. Our results from control arteries and arterioles demonstrate that acute NOS inhibition in vitro produced greater inhibition of BK-induced dilation in coronary arterioles (Fig. 6, ϳ60% ) than of BK-induced relaxation of conduit coronary arteries (Fig. 2, ϳ40%) . This is interesting given that the results of this study also show that chronic NOS inhibition produced greater effects on endothelial function in conduit arteries than in arterioles, as discussed below.
The results summarized above suggest that the increased blood pressure observed in CNI pigs might be the result of decreased arterial compliance produced by NOS inhibition, in addition to increased arterial resistance. Indeed, both acute and chronic NOS inhibitions have been reported to decrease large artery compliance in rats (12, 13) independently of changes in mean arterial pressure; similar effects of acute inhibition of NOS have been reported in humans (14, 15) . These previous findings suggest that the blunted conduit endothelial function observed in the present study might be due to an L-NAMEinduced decrease in compliance.
Divergent Effects of Chronic NOS Inhibition on Coronary Artery and Arteriole Endothelium-Dependent Function
LAD coronary arteries from CNI pigs had significantly diminished relaxation responses to the endothelium-dependent agonists ADP and BK (Figs. 1A and 3A) . These findings are in agreement with previous studies that demonstrated attenuated endothelium-dependent relaxation of conduit arteries in the face of chronic NOS inhibition (11, 18, 21, 24) . Although neither Indo nor Sulf incubation affected this finding, L-NAME incubation abolished between-group differences (Figs. 1B and  3B) . These results suggest that the observed between-group differences are a result of differences in NO generated by NOS, but not COX or non-NOS, non-COX, pathways. Because of these findings, we were surprised that our results indicated that eNOS protein content and eNOS mRNA were not different from control in LAD or coronary arterioles of CNI pigs (Fig. 10) .
A previous study reported that conduit coronary arteries from dogs treated with N -nitro-L-arginine (L-NNA) for 7 days (24) demonstrated an increased contribution of the COX pathway to endothelium-dependent relaxation. Our results indicate no role of the COX pathway in endothelium-dependent relaxation of either the control or CNI groups, given that Indo incubation had no effect on ADP or BK dose-response curves (Figs. 1C and 3C ). Likewise, a previous study reported no role of the COX pathway in endothelium-dependent relaxation of the porcine LAD coronary artery (26) . Differences in results among these studies may be attributed to the relatively short duration of the canine experiment, between-species differences (canine vs. porcine), or between-vessel differences (circumflex vs. LAD).
Sulfaphenazole is a selective inhibitor of cytochrome P-450 (CYP2C9) epoxygenase, which has been reported to attenuate EDHF-mediated responses in porcine coronary arteries (8) .
Our results indicate that Sulf did not significantly influence ADP-or BK-induced relaxation in untreated LADs from control or CNI pigs (Figs. 4A and 5A) . Comparison of the effects of Sulf in control and CNI LADs treated with L-NAME reveals that Sulf attenuated BK-induced relaxation in control LADs (Figs. 3B and 4B) but that Sulf did not have this effect on BK-induced relaxation of CNI LADs in the presence of L-NAME (Figs. 3B and 5B). Sulf treatment did not alter BK-induced relaxation in control or CNI LADs in the presence of L-NAME ϩ Indo (Figs. 4C and 5C ). Fichtlscherer et al. (7) and Passauer et al. (22, 23) reported similar results in normal human forearm, where Sulf treatment did not have a significant effect on BK-induced dilation. In patients with atherosclerotic disease, Sulf treatment enhanced endothelium-dependent dilation in the forearm (7). Our results indicate that the CYP2C9 P450 pathway has a minor contribution to production of EDHF in normal or CNI Yucatan coronary arteries. Results also suggest an interaction between the NO pathway and Sulfsensitive pathway in normal Yucatan LADs, but this interaction is no longer apparent following chronic L-NAME treatment (CNI).
In contrast to the coronary conduit arteries, coronary arterioles from CNI pigs demonstrated preserved endotheliumdependent dilation (Fig. 7A) . These results are consistent with previous reports of preserved arteriolar endothelial function following chronic NOS inhibition (29) . In addition, eNOS gene-disrupted mice have demonstrated preserved arteriolar endothelial function (9, 20, 25) . Arterioles from CNI pigs showed a trend for decreased contribution of NO to endothelium-dependent dilation (Fig. 8A) , suggesting an increased role of PGI 2 and/or EDHF. Indeed, previous experiments have shown that NO inhibits PGI 2 and EDHF synthesis (1, 3) . By corollary, chronic inhibition of NOS may cause an increased synthesis of PGI 2 and EDHF. In support of this notion, endothelium-dependent vasodilation in male rats chronically treated with L-NAME has been shown to be solely prostaglandin mediated, and vasodilation in female L-NAME treated rats was mediated solely by EDHF (29) . On the basis of these results (29), we expected that the female pigs in the present study would demonstrate preserved endothelium-dependent dilation via a more active EDHF pathway. Our results are not consistent with this hypothesis, however, because there were no between-group differences in dilatory responses to BK when arterioles were incubated with L-NAME ϩ Indo (hence, the state in which the NO and COX, but not EDHF, pathways were inhibited). Moreover, the existence of no between-group differences in PGI 2 contribution to vasodilation (Fig. 8B ) and no effect of Indo incubation on vasodilatory responses of arterioles from either group (Fig. 7C) suggests a minimal role of the COX pathway in coronary arteriolar vasodilation. Nonetheless, our results indicate that chronic NOS inhibition does not decrease endothelium-dependent vasodilator properties of coronary arterioles.
Divergent Effects of Chronic NOS Inhibition on Coronary Artery and Arteriole Endothelium-Independent Function
In the present study, chronic NOS inhibition potentiated LAD artery endothelium-independent relaxation to SNP (Fig.  6A ). This finding is in agreement with previous studies in which chronic inhibition of NOS in mice resulted in an increased sensitivity to SNP in the aorta (18) . Furthermore, both aorta and carotid arteries of eNOS gene-disrupted mice demonstrated greater sensitivity to SNP compared with controls (2, 6, 16) . In a study in which dogs were treated with L-NNA for 7 days, however, relaxation responses to Sin-1 (an NO donor) were similar in the coronary and femoral arteries of control and treatment groups (24) . In addition, the aortas of eNOS genedisrupted mice had significantly decreased relaxation responses to SNP compared with controls (17) . Although results of the present study offer no explanation for the observed potentiation of coronary artery endothelium-independent relaxation, previous studies (2) suggest that chronic NOS inhibition may increase arterial sensitivity to nitrovasodilators via increased soluble guanylyl cyclase pathway activity. Interestingly, the fact that between-group differences were abolished in the present study when the endothelium was denuded suggests that the mechanism may be endothelium dependent. Arterioles from CNI pigs demonstrated similar relaxation responses to SNP compared with controls (Fig. 9) . These results are consistent with a study using NOS gene-disrupted mice that showed no significant differences in pial arteriole responses to SNP (20) .
Effects of Chronic NOS Inhibition on eNOS Expression in Coronary Arteries and Arterioles
Western blot analysis revealed that chronic NOS inhibition did not alter eNOS expression in either LADs or coronary arterioles. These results suggest that the decreased contribution of NOS-generated NO release in relaxation of conduit coronary arteries in CNI pigs is the result of decreased eNOS activity and/or decreased NO bioavailability, not decreased eNOS protein expression.
In summary, this study established that chronic NOS inhibition differentially affected function of coronary arteries and arterioles measured in vitro. Coronary arteries demonstrated diminished endothelium-dependent relaxation and enhanced SNP-induced relaxation, whereas coronary arterioles showed unaltered endothelium-dependent and -independent dilation. The decrease in endothelium-dependent relaxation of conduit coronary arteries appears to be the result of a decreased NO release by a NOS-dependent mechanism. It is not clear how the CNI arterioles sustained normal intrinsic endothelium-dependent dilator sensitivity.
